Jointed goatgrass (JGG) (Aegilops cylindrica) is an invasive annual grass weed that reduces winter wheat yield and quality.
Introduction
Jointed goatgrass (JGG) (Aegilops cylindrica) is an invasive annual winter grass weed that infests millions of acres of winter wheat (WW) (Triticum aestivum) in the United States. In the 1990s, scientists estimated the weed was spreading at a rate of 50,000 acres/year and costing western United States winter wheat producers $145 million annually (10) . While these estimates are the most recent available, the exact extent of the problem today is unknown. Past JGG control research has focused on single-component studies such as the effects of crop rotation on wheat yield and jointed goatgrass populations (2); competitive wheat cultivars (11) , and increased seeding rate and increased seed size (5); fertilization (7) , and stubble burning (19) . Recently a study was conducted in the winter wheat-fallow (WW-F) region of the Pacific Northwest (PNW) that identified complete Integrated Weed Management (IWM) systems for jointed goatgrass control in winter wheat (18) . However, after decades of research, there has been no empirical economic evaluation of jointed goatgrass in wheat production regions in the United States.
Economists and agronomists have provided benefit-cost evaluations and bioeconomic decision models for control of several other broadleaf and grass weeds (12) . Modern technology, such as spatial management tools, can be used to reduce herbicide use and increase environmental stewardship, while increasing economic returns (13) . Economic effects of delaying herbicide resistance could be negative in the short run but likely positive in the long run with reduced herbicide resistance (16) . Odero et al. (9) showed that more intensive herbicide and hand hoeing weed control strategies increased net economic returns for sugar beets. A bioeconomic decision model for controlling grass and broadleaf weeds in the Washington-Idaho Palouse region (6) showed considerable potential for improving profitability in wheat, barley, and legume cropping systems. This decision model adjusted herbicide rates annually in response to weed densities, prior weed management, expected crop prices, and herbicide prices. Jasieniuk et al. (4) developed a biological model for jointed goatgrass; however, there has been no economic analysis of specific jointed goatgrass management practices. The absence of economic comparisons of jointed goatgrass management represents a serious omission in the literature in view of the profit reductions growers incur from high jointed goatgrass dockages. The objectives of this study were to evaluate agronomic and economic comparisons of IWM systems for jointed goatgrass control practices in winter wheat in eastern Washington. Economic comparisons are presented for economic conditions during the experimental era of 1997-2001 and for an updated time period of 2007-2009.
Study Description
A 7-year study was conducted at LaCrosse, WA, to determine the best combination of treatments for agronomic and economic management of jointed goatgrass. Although field operations, equipment, and materials have been described in detail previously (15), we will briefly review them. The west experiment was initiated in the fall of 1996 and the east experiment was initiated in 1997. Both experiments were conducted in a soft white winter wheat/fallow (WW/F) system naturally infested with jointed goatgrass. There were twelve IWM (Table 1) treatments consisting of two burn practices, three crop rotations, and two planting practices for winter wheat. Main plot treatments included stubble burn (B) and no burn (N). Subplots included three crop rotations with varying times out of winter wheat; WW-F-WW-F; soft white spring wheat (SW)-F-WW-F, and Spring Barley (SB)-F-WW. Subsubplots included growers' standard practices (S) for fertilizing and planting winter wheat and integrated practices (I) for fertilizing and planting winter wheat. The integrated system had plants from larger sized seed, higher planting densities, deep-banded fertilizer at time of planting, and starter fertilizer placed with the seed. The winter wheat varieties in the integrated system included 'Eltan' in 1997-1999 and 'Edwin' in 2000. The standard system used 'Rod' and 'Madsen' at a 50/50 mix in 1997-1999 and 'Cashup' in 2000. Both integrated and standard systems used 'Alpowa' SW and 'Baronesse' SB. Each crop was seeded on the same day each year for both planting systems throughout the entire experiment. Integrated planting density was approximately 1.5 times the standard seeding rate. For example in 1998 seeding rates were 47 lbs/acre and 65 lbs/acre for the standard and integrated planting systems respectively. A John Deere 9400 hoe drill was used to plant all crops, except in 1997 for standard WW when a double disk drill was used. Broadleaf and grass weeds were controlled with appropriate herbicides.
Liquid fertilizer was applied at time of planting with the 9400 John Deere drill for the integrated practice. Nitrogen and phosphorous (11-52-0) was applied at approximately 50 lbs product/acre when applied with the seed. Liquid fertilizer was applied for integrated WW at a rate of 80 lbs N/acre (Uran), 30 lbs P/acre (phosphate), and 7 lbs S/acre (Thio-sul). The same rate of fertilizer was applied with a spoke-wheel injector during summer fallow operations in either May or June for the standard practice. Normally, a grower would apply fertilizer in a one-pass operation that would decrease operational costs by $3.07/acre. 
Agronomic Data and Analysis
Experiments were designed as a randomized complete block with four replications and a split-split plot arrangement. Plots were 10 ft by 60 ft. Grain was harvested with a plot combine. Yields are reported at 0% foreign matter and 0% moisture. Dockage was determined using a procedure reported previously (1) . Jointed goatgrass plants were counted in the fallow period at the conclusion of each experiment. Jointed goatgrass natural population varied between east and west experiments and so each experiment's data sets were analyzed separately. After the validity of the assumptions of normality and homogeneity of variances were analyzed, percentages of dockage and plant densities were transformed to the natural log to normalize variances. For data presentation, means were back-transformed. The SAS Proc Mixed procedure was used to analyze the data and Hsu' multiple comparison with the best procedure (3, 18) selected the treatment combinations into a subset such that the best treatment combination is included in the subset with a 95% level of confidence.
Economic Methods
Because prices, production costs, and jointed goatgrass dockage discounts have changed markedly over ten years the economic data was analyzed for the average of 1997-2002 and the average of 2007-2009 (Table 2 ). In 1995, when the study was planned, discounts were $0.65 and $0.85/bu for 4.0% and 5.0% dockage levels, respectively. This approach allows examining the sensitivity of profitability rankings of JGG IWM treatments to changes in economic conditions. All crop yields are from the experiment ( Table 3 ), except that wheat and barley yields are adjusted to incorpororate 9.3% and 9.9% of moisture which is typical of marketed grain in the region (personal communication, Jon Newkirk, Washington Wheat Commission, July 7, 2011). Standard enterprise budgeting were used to calculate net returns over fixed and variable costs per rotational acre. Variable costs plus fixed costs equal total production costs. Fixed costs included land rents and land taxes; and machinery depreciation, 
interest, taxes, housing, and insurance. Land cost accounting assumed the typical land rental agreement for the region of 2/3 crop to the tenant 1/3 to the landlord. The landlord pays 1/3 of the fertilizer, chemicals, and crop insurance costs and all property taxes. By charging the net rent (rent received net of landlord contributions) as a land charge, net return budgets can be standardized between farmers who both own or lease their land. For owneroperators, this charge is an "opportunity cost," or returns foregone from not renting out their land. Table 3 . Best treatment combinations (systems) for optimal grain yield from 1997 to 2001 at LaCrosse, WA. xy x **Indicates best treatment combination; * indicates treatments similar to best combination of treatments. Statistically significant differences are according to Hsu multiple comparisons with the best procedure at the 5% level of significance within rows within years. y Abbreviations: WW = winter wheat; F = fallow; SW = spring wheat; SB = spring barley; I = integrated winter wheat planting practice; S = standard winter wheat planting practice; B = burn; N = no burn.
Variable costs increase proportionately with acres planted and included items such as fertilizer, herbicides, fuel, labor, and machinery repairs. Records were kept documenting variable inputs and machine operations used in the experimental treatments. Input prices were obtained from local agricultural suppliers. Overhead expenses like utilities, legal expenses, and accounting were estimated as five percent of variable costs.
Gross revenue is calculated by multiplying yield (Table 3 ) and the price net of jointed goatgrass dockage (Tables 2 and 4 ). Gross revenue less total cost equals net return or profit. Average crop prices for Washington for 1997-2001 were $2.90/bu for winter and spring wheat and $1.90/bu for spring barley; averages for 2007-2009 were $6.23/bu for winter and spring wheat and $3.82/bu for spring barley (14) . Production costs were updated using USDA's percent increases in prices paid for production inputs (8) . Returns also include government payments. Prevailing direct and supplemental government payments per acre for wheat were calculated based on the 1996 and 2008 farm bills. The equation used to determine government payments is: payment/acre = (0.50 acre)(established yield)(.85)(direct + supplemental payment/bu) [1] In the study region, WW-F-WW-F has been the dominant rotation for over 100 years giving farms a 50% wheat base which accounts for the 0.50 acre in the equation. The 0.85 is the percentage of base acres allowed for payment under the 1996 and 2008 Farm Bills. The total of direct and supplemental payments for wheat ranged from $0.99 /bu to $1.11/bu from 1998 to 2001. In the 2008 Farm Bill, there were no supplemental payments and direct payments were $0.52/bu from 2007 to 2009 (14) . The established yield of 52 bu/acre (Equation 1) was based on the historic average from surrounding farms. Loan Deficiency Payments (LDP) were not included in our analysis due to their variability by year, by county, and by the timing when farmers "lock in" their payments.
Net returns per rotational acre provide a consistent method to compare profitability of different crop rotations. This is calculated by summing net returns per acre for each crop within the rotation and dividing by the number of years in the rotation provided the net return per rotational acre. For example, a WW-F rotation is comprised of the net returns of 0.5 acre of winter wheat and 0.5 acre of fallow. The economic results for treatments are averaged over the east and west locations and over length of rotation.
Statistical differences in net returns per year for economic analyses are normally computed using time as the variate, not space (replications) as in agronomic analyses. The reason is that farmers (and their bankers) are concerned about the economic stability of a system over time. Farmers must repay land and other loans on an annual basis. However, temporal statistical analysis was not considered sound in this experiment because of the short span of data. Furthermore, yields for the east and west locations were characterized by markedly heterogeneous variances.
Jointed Goatgrass Populations, Dockage, and Crop Yield
Average baseline jointed goatgrass spikelet density was 66 (0.25 yd² soil surface plus soil cores to 8 inches) for the west experiment and 24 for the east experiment. Burning wheat stubble reduced spikelet density in the west experiment 60% and seed viability 90% (18) . Spikelet density and seed viability was reduced 15% and 95% respectively in the east experiment (data not shown). A previous stubble burning study (19) had similar results and showed how effective stubble burning as a single management practice was for controlling jointed goatgrass.
Agronomic data will be analyzed separately for each experiment and the four barley systems will be analyzed separately from the eight wheat systems. Jointed goatgrass populations and crop yield and quality from the west experiment's eight wheat production systems have been discussed previously (18) . The overall best production system for reduced weed densities and highest grain yield and quality was the B:SW-F-WW-F:S system. For the spring barley systems the overall best system for reducing jointed goatgrass populations and producing the highest grain yield (Table 3 ) and quality (Table 4 ) was the B:SB-F-WW:I system. In this system, final jointed goatgrass population was 1 plant/yd² (data not shown) while dockage in the integrated winter wheat was only 0.10% (Table 4) .
The optimum wheat system in the east experiment for reducing jointed goatgrass populations was the N:SW-F-WW-F:I which had 0 plants/yd² (data not shown). The remaining three SW-F-WW-F systems had densities that were similar to the optimum system, which ranged from 1 to 5 plants/yd². In the four WW-F-WW-F systems jointed goatgrass populations ranged from 67 to 360 plants/yd² at the conclusion of the study (data not shown).
For the eight wheat systems in 1999, yield was optimum in the N:WW-F-WW-F:I system (Table 3) ; however, all eight wheat systems had similar yields regardless of whether winter wheat or spring wheat were grown. Dockage was essentially zero for all spring wheat systems, whereas dockage for winter wheat systems ranged from 0.15% to 1.22% (Table 4) . In 2001 when winter wheat was produced in all systems, yield was optimum and/or similar in all SW-F-WW-F systems (Table 3) which also had zero dockage (Table 4) .
For the spring barley systems in the east experiment, the B:SB-F-WW:S system had the optimum barley and winter wheat yield in 1998 and 2000 respectively (Table 3 ). This system also had the optimum grain quality of only 1.02% dockage (Table 4) .
In general, from an agronomic standpoint, systems in our study that produced winter wheat only once in every four years had generally better yield, quality and greatest reduction in jointed goatgrass plants. Previous research had indicated that jointed goatgrass control and seed production is reduced when the time between growing winter wheat is extended (2,17,18 ).
Profitability and Tradeoffs
The influences of crop prices, production costs, and jointed goatgrass dockages on net returns were analyzed by comparing results under the economic conditions for 1997-2001 versus 2007-2009. Economic results using prices and dockage rates prevailing during the experimental era of 1997-2001 are reported first. The B:SW-F-WW-F:S system averaged the highest net return of -$18.36 per rotational acre (Table 5) inclusive of government payments. Negative net returns per acre indicate that the grower is not receiving full market values for all his/her resources including personal labor, land, and machinery services. Furthermore, when inflation adjusted appreciation in land values are included, these often offset short-term negative annual returns to farming. This top economic ranking is consistent with agronomic criteria of earlier research (17) as well as research reported above. This system was closely followed by the N:SW-F-WW-F:S at -$27.46 per rotational acre. The best economic system containing an integrated planting practice was the B:SW-F-WW-F:I system at -36.13 per rotational acre. The top four economic systems contained spring wheat in the rotation, followed by two systems containing spring barley (Table 5) . Winter wheat-fallow rotations had negative net returns ranging from -$53.93 to -$83.97. Over all three rotations and two burn treatments, the standard planting practices performed better economically than the IWM systems containing integrated planting. This was because the wheat variety used in the integrated system was not as competitive as the varieties used in the standard system under the environmental conditions experienced in this study (18) . When the tradeoff between net returns and jointed goatgrass contamination is portrayed for the twelve systems under 1997 to 2001 prices, systems in the upper left hand zone are preferred (Fig. 1) . Systems further to the right were higher in contamination while systems higher on the vertical-axis correspond to higher economic returns. The standard planting practice, included in three of the top five systems, outperformed the integrated practice with higher net returns and lower average contamination. The top two systems were the B or N:SW-F-WW-F:S. The B:SW-F-WW-F:S system had the highest net return of -$18.36 and also the lowest average jointed goatgrass contamination of only 0.03% (Fig. 1) . The two worst performing systems were the N:WW-F-WW-F: either S or I systems. These systems were characterized by low net returns and high jointed goatgrass contamination. Using updated 2007-2009 prices, costs, and contamination discounts, economic rankings (Table 6) Updated prices (Table 6 ) did not change the ranking of net returns versus jointed goatgrass contamination (Fig. 2) . The top three systems were the same regardless of time period. Basically only the magnitude of net profits changed between the two time periods. Although crop prices were higher during the 2007-2009 era compared to the earlier time period, the dockage penalty caused by jointed goatgrass contamination was higher during [2007] [2008] [2009] .
The performance of the competitive winter wheat variety chosen for the integrated planting systems was disappointing. Perhaps if we had chosen a variety ('Stephens') that performed as well as in a previous study (18) our net profits would have been higher. 
